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RESEARCH MEMORANDUM

DAMPING IN ROLL OF RECTANGULAR WINGS OF SEVERAL ASPECT
RATIOS AND NACA 65A-SERIES ATRFOIL SECTIONS OF SEVERAL
THICKNESS RATIOS AT TRANSONIC AWD SUPERSONIC SPEEDS

AS DETERMINED WITH ROCKET-POWERED MODELS

By Jemes L. Edmondson
SUMMARY

Rocket-powered flight tests have heen conducted to determine the
damping in roll of rectangular wings of various aspect ratios and ’
thickness ratios with the use of the NACA 65A—series airfoll sectioms.
The Mach number range of these tests was from epproximetely 0.8 to 1.k.
The experimental damping in roll was consistently lower than that pre-
dicted by linear theory, and this difference increased with aspect
ratio, The experimental damping in roll decreased as wing thickness
ratio was increased.

An empirical correction factor dependent upon wing thickness ratio
and aspect ratio was derived from the supersonic experimental results
for use with existing supersonic linear theory to permit a more accu-
rate. prediction of the dsmping in roll of rectangular wings of finite
" thickness ratio. Further data are needed to determine the limits of
operation for this factor.

INTRODUCTION .

A damping-in<roll investigetion hes been conducted for a series
of wings of several aspect ratios and airfoil thickness ratios using
the NACA 65A-series airfoil section. Previous demping-in-roll tests
of rectangular wings by this technique {reference 1) indicated that
experimental demping would vary with airfoil thickness ratio; therefore,
the present series of tests were conducted to determine the relationship
between the damping in roll for both thickness ratio and aspect ratio.
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The test wings were mounted on identical fuselages incorporating
canted nozzles, as described in reference 1. The damping-inm-roll
coefflclent and the total-drag coefficient were cobtalned for each
configuration at zero 1ift through a Mach number range of approxi-
mately 0.8 to 1.4, corresponding to Reynolds numbers from 3 X 10
to 8 x 106. The models were tested in Fflight at the Pilotless
Aircraft Research Station at Wallops Island, Va.

SYMBOLS

C3 roll dampling-moment coefficient (L/qSb)
Cy damping-in-roll coefficient Egl

P 3B

2v

Cp total-drag coefficient (D/gS)
D total drag, pounds
L roll damping moment, foot-pounds
Lp rate of change of damping moment with rolling velocity,

foot-pounds per radian per second

out-of-trim rolling moment, foot-pounds

H B
(o)

torque, pound-foot

rolling angular velocity, radians per second

\-.e.
Lo}

2

rolling angular acceleration, redians per second

< €

forward wvelocity, feet per second
dynamic pressure, pounds per square foot
Mach number

aspect ratio (bE/SO

[ B :z. Q

Reynolde rumber, based on wing chord

t/c glrfoil-section thicknegs ratio
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d body diameter, feet

b wing span, feet (diameter,of-circle generated by wing tips)
gt total wing area of two wings, square feet.(wing panel
assumed to extend to model center line)
s total wing area of three wings, square feet (wing panel
: assumed to extend to model center line)
Ix moment of lnertia about longitudinal axis, slug-feeta
Subscripts:
1 sustainer-on flight
2 coasting flight

MODEL AND APPARATUS

The models used in thls investligation were identical to those
reported in reference 1 except for wilng design. The basic body
consisted of a wooden fuselage containing a spinsonde nose section
(reference 2) and using a susteining rocket motor with canted nozzles.
The test wings were attached near the rear of this basic fuselage in
a three-wing arrangement. Wing aspect ratios of 2.5, 3.0, 3.7, end L.5
using the NACA 65A009 airfoil section and airfoil thickness ratios
of 0.06, 0.09, and 0.12 on wings of aspect ratlo 3.7 were tested. A
sketch of the model configurstion and pertinent wing geometry are
given in figure 1.

The models were boosted from & rall launcher to a Mach .number of
approximstely 0.8, allowed to separate from the booster, then accelerated
to a Mach number of approximately 1.4 by the internal rocket motor with
canted nozzles. Therefore, these tests cover a Mach number rgnge of

about 0.8 to 1.4, corresponding to Reynolds numbers of 3 x 10°. to 8 x 106
a8 shown in figure 1.

The rolling veloclty and rolling acceleration were obtained by the
modified spinsonde (reference 2) mounted in the nose of the model. The
flight-path velocity and longitudinal acceleration were obtained with a
Doppler radar velocimeter. Atmospheric data covering the altitude range-
of the flight tests were obtained with radiosondes.
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REDUCTION OF DATA

The demping-in-roll derivative was calculsted by bsglancing of
moments acting on the model. The torque nozzle and wing out of trim
produced rolling momente which were balanced by the moment of inertia
and the demping moment produced by the wing and body. Moment equilib-
rium for one degree of freedom may be written

Iy® - Lp® = T +Lg (1)

Resolving equation (1) into coefficient form at the same Mach nunber
for the accelerated and the decelerated portions of flight and
solving them simultaneously for-damping in roll yields

I .0
T qu)l _ Ix2<P2

R .s:hf(f';l. . ?2)
vi Vo

The complete analysle of this method for determining damping in roll
may be found in reference 1.

The accuracy of CZP Cp, and their component errors for these
tests are within the followlng estimated limits:

TOI‘que, T - - . . . L] . . - . - - - . . . - . LA ] a . . . . . iedso
Rolling angular wvelocity, Q e o & & 8 s & o s s e 4 s a o o e o FL.OO
Damping-in-roll coefficient, Cip « v v v o v v v o v v o v o £0.04 .
Total-drag coefficient, CD e o ¢ s & s s e et e ¢ & o o e o F.002
Mach number, M . . ¢« & o ¢ 4 ¢ ¢ o =+ « &« o« o ¢« ¢ o o &« « « « X0.010

The preceding estimations are based on individual model calculations.
However, the relative magnitudes of latergl trim change between

duplicate models may affect the repeatability-of ¢ and consequently
CZP through the Mach numbers at which this trim change is effective.

An gnalysis of other factors producing an error in Czp is reported

in reference 1l.
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RESULTS AND DISCUSSION ;

The aspect-ratio series consists of models 1, 2, 3, and 4, and the
thickness-ratio series consists of models 3, 5, and 6 (fig. 1). The
experimental date for models 1, 2, 4, and 5 are presented herein;
models 3 and 6 were reported in reference 1 and the results are repeated
herein for comparison.

The rate of roll for models 1, 2, L, and 5 is plotted against Mach
number in figures 2(a), 2(b), 2(c), and 2(d), respectively. For .
models 2 and 5, for which records of duplicate models are shown, the
difference in rate of roll with sustainer on was caused by a difference
in torque produced by the canted nozzles. The rate-of-roll variation
or latersl trim change through the transonic speeds during coasting
flight has been discussed in reference 3. The severity of this lateral !
trim change seems to vary directly with wing thickness. An apparent
discrepancy in rate of roll at M & 0,93 during sustainer-on flight is
noted in figure 2(b). This discrepancy 1s the result of (1) the short ;
time to record data and (2) the lateral trim change which is caused by !
local flow conditions dependent upon alrfoil section and surface !
conditions (reference 3).

The variations of experimental CzP with Mach number sre shown
in figure 3. Also shown are supersonic theoretical curves of CIP

from reference 4. This theory was derived for an isolated’ wing; however,
the interference effects of a body and three wings are considered small
through the body diameter-to-wing span ratlos and Mach nunbers of these
tests. This has been shown by unpublished CIP date of wing alone,

body plus two wings, and body plus three wings using wing plan form and
body of model 3. Figures 3(a), 3(b), and 3(c) present the dsmping for
the aspect-ratio series and show that the experimental curves are con-
sistently lower in magnitude than theory. This difference between
experiment and theory, however, varied directly with aspect ratio; the
larger aspect ratlos show a greater difference. Figure 3(b) shows the
effect of the lateral trim change to he an apparent increase or decrease
in damping, depending upon the relative magnitudes and direction of

this trim change.

Figure 3(d) shows the damping for one of the thickness-ratio
series; the other thickness-ratioc models were reported in reference 1.
A comparison of these thickness-ratio tests showed that the damplng in
roll varied inversely with wing thickness ratio; the greater thicknesses :
showed the less dampling in roll. _ :
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The effects of agpect ratioc and thickness ratio on damping in roll
are summsrized in the following table:

NACA airfoil . -Czp at 'Clp at

A section M=1.15 | M= 1.30
2.5 654009 0.255 0,283
3.0 654009 .318 .325
3.7 654009 .385 .363
4,5 654009 Ao | aeeea
3.7 654012 35 1 —maeo
3.7 654006 L1418 L1405

An empirical correction factor which relates these experimental
data with theory was derived to be used with existing supersonic linear—
theory to allow prediction of Czp for wings of various thickness

ratios., This factor, to be multiplied by values from supersonic linear

theory, was found to be dependent upon wlng aspect rat?o as well as
2A/3

alrfoil thickness ratlio and 1s expressed as (} - % .

The comparison of experimental Cj with corrected theoretical Cj
for the thickness-ratio geries is shownpiﬂ_figure 4(a). The solid curves
are the corrected theory for the various thickness ratios. The thickness
ratio of zero makes the correction factor equal to unity; therefore, this
curve is the same as uncorrected linear theory. Experimental CZP is

shown as dashed lines. These curves are the faired values from fig-
ure 3(d) of this paper and figure 9 of reference 1. Heretofore, the
experimental curves for all these thickness ratios were compared to
uncorrected theory shown as zero thickness ratio. It can readily be
seen that the use of this empiricsl correctlion factor allows a much
closer theoretical prediction of CZP for these test wlngs.

The agreement—of the corrected theory with experimental dats for
the aspect-ratio series i1s shown in figure 4(b). Again, the corrected
theory is shown ag a solid curve for each aspect ratio, and experimental
data for these agpect ratios are shown as dashed lines. The comparison
of experimental Czp with uncorrected theory has previously been shown

in figures 3(a), 3(b), and 3(c) of this paper and figure 9(a) of refer-
ence 1. The use of the empirical correction factor allows a much closer
prediction of ClP for this range of aspect ratio.
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Tests of a rectangular wing of aspect ratio 4.5 and NACA 65-006
airfoil section (reference 5) also showed good agreement with corrected
theory. However, tests of double-wedge airfoil-section wing from refer-
ences 5 and 6 show good agreement with supersonic linear theory above
M % 1.25 without using a thickness correction factor. It is thus
indicated that this factor will apply to a rounded-nose, smooth-contour
airfoil of these wing-body combinations; however, additional data will
be needed to determine the limits of opersetion.

The total-drag coefficients of these configurations were also
obtained from these tests. The Cp are directly comparsble because
the wing area was constant in &1l cases. The relative effects of
thickness ratio and aspect ratio on total drag are shown in figure 5.
All configurations had approximately the same drag at subsonic speeds.
At supersonic speeds the effect of incressing aspect retio was a small
increase in drag. However, as would be expected, the effect of
increasing wing thickness ratio was to cause an earlier transonic drag
rise and an apprecilable increase in supersonic drag.

CONCLUSIONS

The followlng conclusions were drawn from tests of rectaﬁgular
wings having NACA 65A-gseries airfoil sections, aspect ratios from 2.5
o 4.5, and thickness ratios from 0.06 to 0.12:

_ 1. Damping in roll increased with increasing aspect ratio but at
a slower rate than predicted by linear supersonic theory.

2. Damping in roll decreased wlth an increase in thickness ratio.

3. ‘An empirical relationship factor was established which, when
applied to linear theory, allows an accurate prediction of the demping
in roll at supersonic speeds for the cases investigated.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va.
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Figure l.- Bketch and wing gecmetry for the model tested. All
dimensions in inches.
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(a) Model 1; A = 2.5; & =-0.09.

Figure 2.~ Variation of rolling velocity with Mach mumber.
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(b) Model 2; A = 3.0; -’g-= 0.09.

Figure 2.~ Continued.
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(c) Model 4; A = L4.5; % = 0.09.
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(4) Model 5; A = 3.7; £ = onl2.

Figure 2.- Concluded.
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Figure 3.- Comparison of experimental C,

reference k.
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(d) Model 5; A = 3.7; % = 0.12.

Figure 3.- Concluded.
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(b) Aspect-ratic series; %= 0.09.

Figure k.- Comparison of experimental C'Lp with empirical Clp'



098 -~ op-¥E-8 - SerBURI-VOVN

4O

08

.‘[.}—
C

06

04

02

L7 =~ -
Mode / A t/c
A / 2.5 0098
o 2 3.0 .09
—— 3(Refl) 3.7 .09
0] 4 45 .09
¢ - & 3.7 .12
~—-= G (Ref]) 3.7 .06
YA L/ /2 53 /.4 PR
M |

Figure 5.- Varlation of total-drag coefficient with Mach number showing
the 'effect of aspect ratlo and thickness.

9T

~92H0LT W VOVN







